Abstract
Introduction
Most fluid flows relevant to technology are rather complex: turbulent, and often multiphase. Current experimental techniques are unable to provide detailed full-field three-dimensional (3D) data in these complex flows. The lack of such capability has been a hindrance to further understanding, modeling and control of these flows. A major stride has been made by Particle Image Velocimetry (PIV), which, providing instantaneous velocity field on a 2D plane, represents the advancement from single-point to multi-point velocimetry. This advancement, however, is only half way towards full-field three-dimensional (3D) measurement of turbulent flows, and by far the easier half. Attempts have been made to generalize these planar PIV techniques into 3D volumetric field measurement. [1] [2] [3] These methods are based on photographic principle and thus are 2D in nature. Their spatial and time resolutions are severely limited when it comes to 3D volumetric measurement.
Recent advancements in both experimental and computational fluid dynamics research has increased the demand for instantaneous full-field 3D flow velocity measurements resolved in space and time. Measurements of turbulent and complex flows require good accuracy and high resolution in a relatively large volumetric domain. The requirement for information capacity is far beyond any photographybased technique. Holography, on the other hand, is intrinsically a 3D imaging process. It offers an enormous storage capacity suitable for instantaneous 3D information recording.
Holographic PIV (HPIV) works on the principle of holography, hence consisting of two stepsrecording and reconstruction (Fig.1) . It records the instantaneous 3D information of a large quantity of tracer particles in a fluid volume on a hologram using a short laser pulse and then reconstructs the particle images from the hologram optically. The "frozen" 3D image volume captured during the recording is now played back and scanned with a digital camera. By
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The key problems that any HPIV system faces are reduction of speckle noise, handling of huge quantities of data, extraction of 3D velocity in presence of large gradients/fluctuations, and system complexity vs. user-friendliness. While the strategies of handling all these issues make each setup unique, HPIV configurations can be broadly classified into two kinds based on the nature of the holographic scheme: "in-line", where only one beam is employed to produce both the object wave (scattered part) and the reference wave (unscattered part), and "off-axis", where separate object beam and reference beam(s) are introduced. Figures 1 and 2 exemplify "off-axis" and "in-line", respectively. Many variations are possible, which often blur such distinctions.
IROV HPIV Technique
Classic Gabor or in-line holography has been the traditional holographic method to diagnose particle fields [4] [5] [6] and thus was employed in holographic PIV. [7] [8] [9] While enjoying simplicity of optical geometry and low requirements for laser coherence and energy, standard in-line method, when used in HPIV, has been proven to produce excessive intrinsic speckle noise due to the superposition of its real image, virtual image and reference beam. 10 Another problem with in-line holography, affecting the measurement accuracy, is the very long depth of focus of the reconstructed particle image, due to the small effective Numerical Aperture (N.A.) caused by the use of forward particle scattering.
Efforts have been made to address these problems to improve the practicality of in-line HPIV while maintaining its. [11] [12] [13] [14] Among these methods the In-line Recording Off-axis Viewing (IROV) technique is proven to be the most efficient way to suppress the speckle noise and improve the SNR of the reconstructed particle images, while keeping its straightforward optical geometry, as shown in Fig. 3 . In a way, IROV is a nice combination of the 
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American Institute of Aeronautics and Astronautics 3 advantages of both in-line and off-axis holography. HPIV based on IROV has been successfully implemented and applied to instantaneous 3D flow measurements. [14] [15] [16] With the innovative IROV approach, in-line HPIV has reached a certain level of applicability. Indeed, its optical simplicity makes it attractive for many applications including holographic 3D flow visualization, and hence it is one of the major HPIV techniques this lab is currently pursuing. 16, 17 More remarkably, owing to the lower spatial resolution compared to off-axis holography, IROV is a promising framework for digital reconstruction, which the author believes to be the future wave of HPIV.
Off-axis HPIV Technique
Currently at a seeding density of no more than a few particles per mm 3 , the spatial resolution that IROV HPIV can achieve is normally insufficient for resolving turbulent flows. In the pursuit of high spatial resolution 3D velocity vector field measurement, off-axis holography becomes the logical choice. With this scheme, a separate reference wave is introduced to interfere with the object wave (the scattering from the particle field). During hologram reconstruction, the directly transmitted reference wave, the virtual and real image waves are naturally separated, eliminating the major source of speckle noise inherent in in-line HPIV. Hence, offaxis HPIV tolerates higher seeding densities and offers a much better image SNR. Furthermore, by utilizing side scattering rather than the central-lob forward scattering of particles, off-axis HPIV can drastically increase the effective numerical aperture (N.A.), thereby reducing the depth of focus and yielding higher measurement accuracy. Off-axis holography also allows resolving the directional ambiguity problem inherent in double-exposure HPIV by employing dual reference waves at different angles. These make off-axis HPIV an attractive approach despite the optical complexities and the high requirements on the laser power and coherence.
However, there is a trade-off between the achievable effective N.A. and the laser energy utilization, since most of the laser energy scattered by the particles is carried by the narrow-angled forward scattering.
Various off-axis methods have been proposed with various degrees of success and limitations. [18] [19] [20] [21] Identifying behavior of different noise with respect to changing N.A., we take a more practical approach to off-axis HPIV. A high effective N.A. is achieved by using 90-degree scattering, which provides homogeneous intensity distribution over a large solid angle. 19 The optical configuration of the 90-degree scattering HPIV resembles that of planar PIV to a great degree, convenient for practical application.
The high image SNR achieved by our off-axis configuration alleviates the need for de-noising in the data processing stage and thus greatly improves the overall processing speed. The high SNR also brings a highly efficient, yet simple implementation of a centroid finding algorithm. By utilizing only particle centroid locations instead of raw images, a compression ratio of several orders has been achieved. At the core of HPIV data processing, a fast Concise Cross Correlation (CCC) algorithm has been implemented, which works on particle centroids, thereby drastically improving processing speed over conventional cross-correlation. With this approach the resolution can be further refined by pairing individual particles in the correlation sets by using CCC results as a reference, achieving super resolution. 22 
Off-axis HPIV System
Based on the off-axis holographic principle, we implemented a fully automated experimental off-axis HPIV, which employs 90-degree scattering, dual reference beams, in-situ reconstruction, and novel 3D data processing algorithms. In this section we describe the system in detail. 
Recording
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Recording is the first step in HPIV measurement. Illustrated in Fig. 4 is the optical configuration for off-axis HPIV recording. An injection-seeded dual Nd:YAG laser (Spectra-Physics PIV-400) is employed as the light source, which gives a pair of temporally and spatially separated laser pulses, each of 8ns duration, at a repetition rate of 10Hz. As in regular PIV applications, the double pulse separation ∆t is adjusted according to the estimated flow speed.
The two laser units contained in the dual YAG laser system are fired by a multi-channel digital delay generator. The addition of injection seeding to the standard PIV-400 laser guarantees sufficient coherence length (over a meter), which otherwise would be less than 1 cm. The increased coherence length enables high-quality off-axis holographic recording of a large volume while allowing unmatched optical path lengths between object and reference beams. To ensure the stability of injection seeding operation, the pulsed laser system has to fire constantly during the recording process, and hence a pair of high-energy shutters operated through a synchronizer are needed to generate a single pair of laser pulses. The synchronizer assures each shutter to pass one and only one laser pulse each time.
Each laser head emits a beam, which, after passing through a shutter, is split into two parts. The majority of the energy (80%) from each beam is combined at a common receiving HEM to form a double-pulsed illuminating beam. The beam handling unit (enclosed by dashed line) produces three output beams: two separate reference beams (Reference 1 and 2) and one combined illuminating beam. The illuminating beam is double pulsed, while the two reference beams are alternately single pulsed. This dual-reference-beam design provides angular separation of the reference beams for the doubleexposure hologram, so that the two holographic images can be reconstructed alternately in time.
The reference beams are expanded and then bent over by a pair of flat mirrors to the holographic plate, which has its emulsion side facing the particle field (the flow field). The 90-degree scattered light from the particle field interferes with the reference beams, and the resultant interference pattern is recorded by the holographic plate. In this way a 90-degree scattering, dual-reference off-axis HPIV recording scheme is created.
Reconstruction
To minimize aberrations (important for achieving high SNR), the hologram is reconstructed in situ. As shown in Fig. 5 , the hologram reconstruction system shares the same optics and laser as the recording system, except that the object illustrating beam is blocked since it is no longer needed during reconstruction. The light paths for the two reference beams are identical to those used in the recording stage. The developed hologram containing interference fringes is now placed back at the original position, albeit with the film emulsion facing opposite to that of recording, such that each reference beam incident on the hologram becomes the complex conjugate of that used in recording. In this way, an unscrambled real image of the 3D particle field is reconstructed on the emulsion side, i.e., on the opposite side to the flow field. This in situ approach eliminates the need for re-alignment of optics during reconstruction.
The two laser units are fired alternately, each at 10Hz, to produce the two reference beams corresponding to those used for double-exposure recording. This way, the hologram alternately reconstructs the particle field recorded before and after the ∆t.
Now that a frozen 3D particle field from each exposure is reconstructed continuously, it can be interrogated with a planar imaging device to be converted into digital form. A high-resolution digital CCD camera mounted on a 3D traversing system is 
AIAA-99-3755
American Institute of Aeronautics and Astronautics 5 employed to capture the reconstructed holographic image. The camera sees only a small area of a thin slice at a time. The 3D image is interrogated slice by slice, and area by area. The entire particle field is thus decomposed into many 3D Interrogation Cells (IC), similar to the 2D Interrogation Spots (IS) in planar PIV.
Data Processing
Besides reconstruction image SNR, data processing is another barrier in the practical application of HPIV. Due to the involvement of high-resolution 3-D image acquisition and processing, huge amount of data is generated during the data processing, and thus it is not uncommon to take days and even weeks to process one measurement.
Most existing techniques involve FFT-based auto-or cross-correlation. [23] [24] Since these correlation methods are based on statistical averaging, information about individual particles are lost, resulting in a low spatial resolution. In addition, FFT-based methods tend to fail at regions where particles are sparse; yet inhomogeneous dispersion of particles is unavoidable in complex and turbulent flows. This problem becomes worse in the threedimensional velocity field measurements such as with HPIV, where 3-D images need to be acquired. The amount of data per instant for a 3-D volume is typically the order of 100Gbytes with the FFT-based methods, which use the 3-D original image. Such a huge amount of data cannot be processed fast enough or stored at reasonable cost for post processing (i.e., velocity extraction). Many on-going researches on HPIV data processing aim at addressing this problem using advanced concepts such as Neural Network, Generic Algorithm, Fuzzy Logic, etc (see the reference list below). These methods, however, have not been reported with practical success and thus have not found application in commercial instruments.
Thus an efficient data processing algorithm is the key to a practical HPIV instrument.
Besides 3D FFT-based correlation, 3D vectors can also be obtained by combining two stereoscopic 2D vectors, which are computed using 2D FFT. 18, 19 Working with two stereo 2D matrices does provide relatively fast processing speed, but it suffers from an inherent low accuracy in depth direction and, more critically, requires a large viewing angle of the hologram to fit in two cameras. This often imposes difficulties on the holographic scheme. 19 Besides, due to its FFT-based nature, it cannot handle low seeding densities.
Furthermore, FFT-based correlation methods are suitable only for high-density particle images and are thus prone to generating "bad vectors" in regions of low seeding densities. 25 Unlike the case of planar PIV, HPIV deals with 3D volumetric recording, where the high seeding density required for successful FFT-based correlation is difficult to achieve at an 
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American Institute of Aeronautics and Astronautics 6 acceptable signal-to-noise ratio due to speckle noise. 10 Hence, 3D FFT-based correlation is deemed unsuitable for our off-axis HPIV system. In a practical HPIV system, the Concise Cross Correlation (CCC) method developed at this lab appears to be an efficient technique. The idea of CCC is to compute 3-D correlation based on particle centroids. Since one frame of 1MB-sized digital image contains only a small number (usually less than 100) of particles whose centroid location can be expressed by 12 bytes of data, CCC achieves a great data compression ratio (>10 4 ). By dimensional decomposition the processing speed is also greatly accelerated. CCC also provides the means to individually pair particles, tremendously improving spatial resolution in the measurement.
Data Processing Procedure
Data acquisition and processing in our off-axis HPIV system starts from acquiring the optically reconstructed "frozen" image field, using a CCD camera, with the purpose of yielding digital data. The process is fully automated and controlled by a PC. A PCI digital image framegrabber is hosted in the computer to perform image capturing, and a motion controller is also installed to position the camera through the 3-axis traverse system. Image acquisition and camera movement are synchronized with the laser pulses to ensure data integrity. Figure 6 demonstrates a schematic diagram of data processing in our off-axis HPIV system. Digital images captured by the CCD camera are transferred into the system memory in the host computer via the framegrabber. Because of the tremendous amount of data, it is impractical to compress and store the raw 3D image, even with state-of-the-art image compression algorithms. Therefore the centroid locations of particles are extracted from the raw image for further data processing, while the raw image is discarded. The centroid finding process not only reduces the amount of data by 4 to 5 orders of magnitudes (depending on the seeding density), but also enables the application of the novel CCC algorithm.
Centroid finding
Particle centroid finding is critical to the processing efficiency. Since intensity peak of a particle image is typically located at its geometric centroid, a simple intensity-weighted-mean procedure (described below) provides the centroid coordinate, which is recorded in a list. It is well recognized that the centroid finding process is the bottleneck of the processing speed, since the enormous amount of image data has to be processed pixel by pixel before anything is discarded. Because of the high image quality (i.e. the high image SNR) of off-axis holography, no de-noising operation is involved in the centroid finding process in our system. This greatly improves the overall processing speed.
In the digitized image frames an image of a particle is a cluster of pixels with high intensity. Thus its centroid location can be calculated according to the intensity-weighted-mean coordinate. Evidently in HPIV data processing the accuracy on the three directions are asymmetric. In x-and y-direction sample points corresponds to pixels in the digitized image frames, which are usually a few microns apart from each other. In z-direction, however, sample points corresponds to image planes, whose pitch distance (the distance between two adjacent planes) can range from 50-200µm, depending on the image depth of focus. Therefore in the centroid finding zcoordinate need a "sub-pixel" resolution for higher accuracy. Though technically it is simple to implement sub-pixel resolution also for x-and ydirection, we chose not to do so since z-direction accuracy is much worse.
Concise Cross Correlation (CCC)
We recognize that since only the displacements of particle images or at most their locations carry the information needed for velocity field measurement, it is unnecessary to store and handle the entire image data. Hence a correlation procedure can be directly applied to the 3D locations of particles. This is implemented in the novel CCC algorithm, which yields a compression ratio of 4 to 5 orders and an increase in processing speed of 3 orders of magnitude.
The basic idea of CCC comes directly from the primary definition of cross correlation. In our implementation of correlation, we take two groups of particle centroids, whose 3D coordinates are extracted from a pair of images in the double exposure. Keeping one of them fixed in its original place, we translate the other one in the 3D space and compute their correlation intensity. The displacement yielding the highest correlation peak is considered the displacement of the particle group and is the 
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Higher spatial resolution and accuracy can be further achieved by pairing individual particles after CCC finds the mean displacements of particle groups. In each Interrogation Cell, after the three components of the resultant vector are obtained through CCC, the second set of particle centroids is shifted in 3D along the vector. Now that there is no net displacement of the particle group but only net deformation between the two particle groups, pairing is accomplishable on the basis of closest distance.
Capability at the State of the Art
The main purpose of HPIV is to obtain 3D flow velocity vector fields. It is important to realize that unlike conventional single-point measurement techniques that rely on the temporal resolution to shed light on turbulent flows, HPIV provides rich spatial information about a complex and turbulent flow that no other quantitative experimental methods can provide. Uniquely, HPIV probes directly into the 3D space. As such, it provides a new way to tackle turbulence, providing instantaneous 3D flow structures, allowing for the application of coherent structures and the construction of strain-rate tensor. These in turn provide new opportunities to understand turbulence and validate theoretical models. Currently, our effort has been focused at increasing the information capacity (a combination of spatial resolution and measurement volume) and processing speed for instantaneous realizations. Only when this stage becomes mature will cinematic HPIV be sensible.
With the off-axis system described in this paper, the average particle seeding can go as high as 50 per mm 3 , yielding a spatial resolution (after particle pairing) of roughly 0.3mm.
The measurement volume, based on current size of the optics, is roughly 60mm x 60mm x 60mm. Hence the largest-tosmallest length scale ratio of measurement is roughly 200. Further increase of imaging volume and hence increase of the scale ratio can be achieved by scaling up the optics and, possibly, by increasing seeding density. The latter calls for more powerful ways to ensure SNR.
The dynamic range of the velocity measurement is determined by the ratio of 1/3 of the Interrogation Cell size (largest displacement) and the particle centroid identification accuracy (the smallest displacement). By using a cascade procedure in data processing, the initial IC size can be rather large. The centroid accuracy is better than 4 µm along the transverse directions (perpendicular to the optic axis of image acquisition), but 5-6 times worse along the axis. In the latter case, sub-"pixel" resolution is needed. It is appropriate to estimate the typical dynamic range of velocity measurement to be 3 decades.
A secondary purpose of HPIV, pertaining to multiphase flow application, is to diagnose particle position and velocity information. This is possible with our off-axis HPIV technique, since the individual particle information is preserved. By using two types of particles with rather different Stokes numbers (one of them being much less than 1 and the other greater than 1), one can diagnose both the continuous phase and the discrete phase. This application is not the main focus of the current paper.
Experimental Results
The Off-axis HPIV technique is applied to a water channel flow with a tapered passive mixing tab mounted on the wall. The wake of such a tab is known to produce complex 3D vortical motions including a series of hairpin vortices 26, 27 and thus the The holographic recording geometry of this flow is depicted in Fig. 8 . The optical configuration is similar to the one employed in the air jet measurement. Hollow glass beads sized around 9µm are illuminated by the volumetric laser beam at the test section. In this experiment, higher processing speed is achieved by adopting a large aperture objective lens with a low magnification. As a result the camera viewing area (and IC size) is increased to 4mm×4mm and the processing time is reduced to 7 hours. Figure 9 shows a 3D snapshot of the velocity field measured in a volume of 44mm × 56mm × 32mm composed of 9856 ICs. Totally around 80,000 paired vectors are produced, which is about 50% of the total number of particle centroids extracted. The low percentage of pairing is due to the large displacement between particle groups. The paired vectors are gaussian-interpolated onto regular grids at 0.6mm×0.6mm×0.6mm spacing, resulting in approximately 400,000 vectors. The gaussian radius used in the interpolation is 75% of the IC size. For clarity only those vectors on the outer surfaces are plotted, and the mean velocity averaged over all the vectors in the volume has been subtracted to demonstrate velocity gradients. In the figure part of the volume is cut off to show the internal vortices. Coordinates X, Y and Z denote streamwise, wallnormal and spanwise directions, respectively. From this 3D velocity field, instantaneous vorticity field is computed to identify the hairpin vortex structures found in this flow using PIV and flow visualization. 26, 28 Shown in Fig. 10 is an iso-surface of the vorticity field, where three hairpin vortices are identified in the 3D volume. Their size and streamwise spacing match those found by Yang and Meng. 26 Since the velocity field consists of paired vector, uncertainty in particle centroid locations becomes the defining factor of measurement accuracy. Based on the experimental parameters, simulations show a particle centroid uncertaint y of approxim ately 18µm. Given ∆t=1.5ms, the correspon ding mean displacem ents of particles extracted from the hologram are approxim ately 247µm, or 61 pixels in the digital image plane, which precisely matches the flow conditions in the experiment. Therefore we estimate an overall velocity accuracy of roughly 7.3%.
Further validation of our experimental data is accomplished through the examination of mass conservation. Given an arbitrary control volume CV=∆x∆y∆z, the net flux entering the control volume is From the 3D velocity field the divergence is computed based on finite difference. The Probability Density Function (PDF) of divergence is depicted in Fig. 11 . It is found that the divergence has a mean value of 0.51s -1 and a standard deviation of 6.63s -1 . The absolute value of divergence has a mean value of 5.11s -1 and 95% of data points are within divergence absolute value of 12.9s -1 . Thus choosing the 95% coverage divergence and the smallest control volume size (the grid size) for a worst case estimation, we estimate that ∆Q is circa 2.78mm 3 /s. On the other hand, the mean flow velocity can be chosen as the characteristic velocity and Q is estimated to be around 59.0 mm 3 /s. Therefore we estimate η ~ 4.7%.
Summary
In this paper we describe an advanced off-axis HPIV system with fully automated data processing. Its distinct features include the use of 90-degree scattering, dual reference beam recording, in situ reconstruction, on-the-fly processing, and a novel Concise Cross Correlation (CCC) algorithm based on particle centroids. Our off-axis HPIV configuration offers superior image SNR at relatively high seeding density, alleviating the need for de-noising in data processing and enabling the use of CCC algorithm. A great gain on processing speed and data compression 
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American Institute of Aeronautics and Astronautics 10 ratio is achieved over traditional methods by using CCC. This innovative correlation approach also makes particle pairing possible, which greatly increases the spatial resolution. The off-axis HPIV technique has been successfully tested on two flows including an acoustically excited air jet seeded with water droplets and a surface-tab water channel flow. From both flows instantaneous 3D velocity fields are measured, from which vortex structures (a vortex ring and a series of hairpin structures) based on vorticity magnitude are obtained.
